BOUNDARY LAYER
Boundary layer is a thin layer formed on the surface of a solid body in a flow field. Due to the viscosity, the velocity within the boundary layer changes with respect to the vertical distance from the surface (usually non-linearly).
The boundary layer "grows" as the flow moves over the body (the boundary layer thickness is defined as: )
Within the boundary layer, the velocity varies from zero (surface) to the free stream (edge of the layer): this is called, the "boundary layer velocity profile"
At the surface (wall) of the body, wall shear stress can be given as: The skin friction coefficient (due to the wall shear stress) will cause the total skin friction drag for the flat plate of length L:
Total skin friction drag coefficient of the flat plate of length L can be defined as: 
TRANSITION FROM LAMINAR TO TURBULENT BOUNDARY LAYER
The adverse pressure gradient, rough surface (skin), and many other factors determine boundary layer transition
The physical mechanism of boundary layer transition, even for a simple flat plate, is still not completely understood. The boundary layer transition mechanism is still the area of intensive research in aerodynamics today The wing span of Wright Flyer I (biplane) is 40 feet 4 inches, and the planform area of each wing is 255 ft 2 . Assume that the wing is rectangular shape. If the airplane is in flight with 30 mph (under the standard sea-level flight condition), estimate the skin friction drag on the wings. Assume that the transition Reynolds number is 6.510 5 .
Homework D-2-2a 4-6
The wing span of Wright Flyer I (biplane) is 40 feet 4 inches, and the planform area of each wing is 255 ft 2 . Assume that the wing is rectangular shape. If the airplane is in flight with 30 mph (under the standard sea-level flight condition), estimate the skin friction drag on the wings. Assume that the transition Reynolds number is 6.5×10 5 .
(step 1) Calculate drag force for the combined area (A + B) , assuming that the flow is completely turbulent.
(step 2) Obtain the turbulent drag force for the area B only, by subtracting drag force for the area A (for turbulent flow) from the result of (step 1). Note: you must, first, determine the transition point from laminar to turbulent flow. 
Homework D-2-2b (continued from D-2-2a) 4-6
(step 3) Calculate drag force for the area A for laminar flow.
(step 4) Add results from (step 2) and (step 3) to obtain total drag on the combined surface area (A + B).
(step 5) For biplane, you need to add up drag force of total 4 surfaces to have total skin friction drag. As we learned in Unit B-3, the pressure distribution around circular cylinder (ideal flow) is symmetric, thus no lift and no drag will be produced. This is known as d' Alembert's paradox.
Flow separation, due to the adverse pressure gradient, and resulting complex wake region induces the non-symmetric pressure distribution, thus "pressure drag due to separation" is the main drag contributor of real flows around circular cylinder
IDEAL V.S. REAL FLOW: AERODYNAMICS OF AIRFOILS AND WINGS
A very similar analogy (that we employed for the analysis of flow over a circular cylinder) can also be applied for the aerodynamics of airfoils and wings. The formation of boundary layer and its behavior (transition from laminar to turbulent flows, as well as the flow separation, due to the pressure gradient) plays very important roles in generations of aerodynamic lift and drag of airfoils and wings
RECALL: [PRESSURE GRADIENT] (UNIT B-1)
p (pressure) is a function of spatial coordinates:
The mathematical representation: pressure gradient, p  , is a vector such that:
• Magnitude = maximum rate of change of p per unit length of the coordinate space at the given point • Direction = direction of the maximum rate of change of p at the given point Using pressure gradient, directional pressure change can be given:
(This is "how much change of pressure takes place in the direction specified by the line vector n ": more commonly called physical "pressure gradient")
FLOW SEPARATION
Pressure gradient: dp/ds (along the surface of an airfoil) may be favorable (negative) or adverse (positive), and adverse pressure gradient causes flow to separate from the surface
VISCOUS EFFECTS ON DRAG
The presence of viscosity in a flow produces two sources of drag:
• Skin friction drag (due to shear stress on the surface of the body, called the wall shear stress) => this is often called "Parasite Drag" • Pressure drag (due to flow separation) => this is often called "Drag due to Separation" Trade-off between these two drag components may be possible by carefully engineered design: for example,
• Natural Laminar Flow (NLF) airfoil (NACA 6-series) • Golf ball dimples
RECALL: [THE DRAG POLAR] (UNIT D-1)
The induced drag ( . Di C ) is the drag due to lift (3-D effect)
The profile drag (cd) is a drag on a 2-D airfoil, from which includes: (i) drag due to skin friction ( or parasite) drag and (ii) drag due to pressure (or separation) drag: 
Viscous Effects on Drag

